Arid soils in central Iran that evolved from the weathering of post-Tethyan sediments contain palygorskite. Clay fractions of gypsiferous soils and their associated sediments from different landforms from central Iran were investigated. Palygorskite was the dominant silicate clay mineral in clay fractions of the soils, and of Oligo-Miocene limestone, a less common parent rock. The Jurassic shale and Cretaceous limestone contain illite and chlorite with a trace amount of palygorskite. Association of large amounts of palygorskite bundles with gypsum in the gypsiferous soils studied, supports the hypothesis that palygorskite was probably formed after the initial precipitation of gypsum, that created a high pH and Mg/Ca ratio. The major portion of the palygorskite present in colluvial and plateau soils was probably formed authigenically when central Iran was covered by post Tethyan shallow hyper-saline lagoons. Palygorskite in alluvial soils appeared to be essentially detrital.
Palygorskite occurs in many soils and sediments in arid regions (Singer, 1989) . It is generally believed that in soils, it is inherited from calcareous sediments rich in palygorskite (e.g. Lee et al., 1983; Shadfan & Mashhady, 1985; Badraoui et al., 1992) . However, several workers have discussed the possibility of palygorskite formation in the soil environment (Eswaran & Barzanji, 1974; Singer & Norrish, 1974; Elprince et al., 1979; Singer, 1989; Monger & Daugherty, 1991; Botha & Hughes, 1992) . While there is abundant literature on the occurrence and possible origin of palygorskite and sepiolite in the soils of arid regions, there are few comprehensive studies that have examined the entire sedimentary and soil systems in a given area to elucidate their origin.
Palygorskite has been reported from Saudi Arabia (Elprince et al., 1979; Viani et al., 1983; Lee et al., 1 Corresponding author 1983; Mackenzie et al., 1984; Shadfan & Mashhady, 1985) , Iraq (Eswaran & Barzanji, 1974; Aqrawi, 1993) , Israel (Yaalon & Wieder, 1976; Singer, 1981; Verrecchia & Le Coustumer, 1996) , Jordan (Shadfan & Dixon, 1984; Shadfan et al., 1985c) , Syria (Muir, 1951) , Kuwait (A1-Bakri et al., 1984) , and Egypt (Elgabaly, 1962; Hassouba & Shaw, 1980) . Henderson & Robertson (1958) and Bumett et al. (1972) were the first to report traces of palygorskite in sediments and soils from Iran. Several researchers consider that palygorskite formed pedogenically in the soils of Iran (Abtahi, 1980; Mahjoory, 1979; Gharaee & Mahjoory, 1984) , but did not study the parent rocks to verify their views.
The Iranian central plateau is located in the ancient Tethys seaway (Krinsley, 1970) . This seaway was cut off from the ocean in the late Cretaceous (Seng/Sr et al., 1988) , as a result of which shallow intermontane lakes and lagoons evolved during the Tertiary (Zahedi, 1976) . These @) 1998 The Mineralogical Society shallow hyper-saline water bodies appear to have been chemically suitable for the formation of palygorskite and sepiolite. The occurrence of palygorskite in the soils and sediments of the Middle East, as discussed above, generally corresponds with the area once covered by post-Tethyan intermontane shallow lagoons (Callen, 1984) . Knowledge of the origin and distribution pattern of this mineral is, therefore, important for the reconstruction of palaeo-environments of the post-Tethyan era.
The objectives of this work were to determine: (1) the distribution pattern of palygorskite in different landforms; and (2) the origin of palygorskite in arid soils and sediments of the post-Tethyan era in central Iran.
MATERIALS AND METHODS

Site characteristics and sampling
The study area is located around the city of Isfahan in central Iran (Fig. 1) . It is characterized by a dry climate with high temperatures. The mean annual temperature of the area is 14.7~ and the mean summer and winter temperatures are 25.8 and 5.8~ respectively, with -100 mm annual precipitation.
Physiographically, the study area consists of an alluvial plain on both sides of the Zayandehrud River, a plateau, and colluvial fans surrounded by mountains (Fig. 2) . A cross section (Fig. 3) shows the recent sediments and underlying sedimentary rocks in the study area. Flo. 2. Block diagram of the study area and the locations of the rock samples (K4, K2, J, and OM) and soil profiles in colluvial fans (C1 and C2), plateaux (Pl and P2) and alluvial plain (A1 and A2). The cross-section of A-A' is shown in Fig. 3 .
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The colluvial fans are deposits that accumulated at the base of the steep mountain or hill slopes. The plateaux, undulating and strongly eroded landscapes, are located between the colluvial fans and alluvial plain. The soils of the colluvial fans and plateaux are very gravelly and extremely gypsiferous (>50% gypsum in some horizons). The alluvial plain is a flat, gravel-free, fine-textured landform occurring as a rather narrow band on both sides of the river. In the alluvial plain, gypsiferous soils occur only where the saline groundwater is near the soil surface. Cretaceous and Jurassic rocks are exposed in the large part of the area studied, consisting mainly of limestone and shale (Zahedi, 1976 Soil samples from two pedons of each landform (total of six soil profiles) were taken for mineralogical analyses. In addition, rock samples from the dominant geological strata including the Cretaceous limestone (K4), Cretaceous sandstone and conglomerate (K2), Jurassic shale (J), and Oligo-Miocene limestone (OM) were collected for mineralogical investigations.
Analytical procedures
Sample preparation. Air-dried soil samples were crushed and passed through a 2 mm sieve. Prior to mineralogical analyses, they were oven dried overnight at 105~ transferred to dialysis bags and washed with distilled water for ~3 weeks to remove gypsum as described by Rivers et al. (1982) . Carbonates, organic matter, and Fe oxides of the samples were then removed using 1 M sodium acetate at pH 5, 30% H202, and dithionite citrate bicarbonate (DCB) (Jackson, 1979) , respectively. Rock samples were ground and also treated with sodium acetate (pH = 5) to remove carbonates. The clay fractions of the treated soil and rock samples were separated using the centrifuge technique (Jackson, 1979) .
Characterization of soils. Saturated pastes of the soils were prepared, the pH of the paste measured and extracts were obtained by vacuum suction. The EC values of the saturation extracts were determined using a pipette type of conductivity cell. The total C content of the soil samples was measured using a carbon analyser (carbonator) at 1100~ The amount of inorganic C in soils and sediments was determined by acid digestion and the two-endpoint titration method (Tiessen et al., 1983) . Organic C was then calculated by subtraction. The gypsum content of the soils was determined using the method of Berigari & A1-Any (1994) . Mechanical analysis of bulk soils was carried out using the pipette method (Gee & Bauder, 1986) .
X-ray diffraction analysis. The clay fractions of soil and parent rocks were treated to prepare the following oriented slides: Mg-saturatcd, Mg-saturated and glycerol-solvated, K-saturated, K-saturated and heated at 550~ These slides were scanned using a Rigaku D/MAX-RBX X-ray diffractometer (Rigaku Company, Tokyo, Japan) using monochromatic Fe-K~ radiation, operated at 40 kV and 130 mA.
Charge characterization. The layer charge of the clay fractions was further characterized using the alkylammonium method. The n-alkylammonium hydrochlorides were prepared from the n-alkylamines according to the procedure described by Ruehlicke & Kohler (1981) . Selected clay samples which showed expansion with glycerol treatment were treated with the n-alkylammonium chloride solutions for 24 h at 65~ The samples were then washed four to six times with 95% ethanol to remove the excess alkylammonium compounds. Oriented specimens prepared by transferring the clay suspensions on to glass slides and drying overnight under vacuum were analysed by XRD as described above.
Total elemental analysis. The clay fractions were saturated with NH~ prior to total elemental analysis. The elemental composition of the clay fractions was determined following digestion with aqua regia and boric acid in a microwave oven (Sawhney & Stilwell, 1994) . The Na and K contents were analysed using flame emission spectrometry. All other elements, including Si, A1, Fe, Mg, Ca, Mn and Ti, were determined by atomic absorption spectrometry (AAS). Loss on ignition of the airdried clay fractions was measured by the Lim & Jackson (1982) procedure.
Surface area and CEC measurements. The external specific surface area of the fine and coarse clay fractions of selected soils was determined using the N2-BET method with an Autosorb 1 (Quantachrome Corp., NY). The cation exchange capacities (CEC) of these fractions were measured using a BaC12 extraction method as described by McKeague (1978) .
Electron microscopy studies. Soil aggregates and parent rocks were further studied by scanning electron microscopy (SEM). Dried samples were mounted on A1 stubs using double-sided tape, then coated with Au and examined using a Philips 505 SEM (Philips Corp., Eindhoven, The Netherlands). Droplets of diluted suspensions of Na-saturated sample of selected clay fractions were dried on 200-mesh butvar( 9 Cu grids and examined using a Philips 300 transmission electron microscope (TEM) (Philips Corp., Eindhoven, The Netherlands) at an accelerating voltage of 80 kV.
Semi-quantitative estimation of clay minerals.
The mica content was estimated from the total K20
content (10% K20 = 100% mica) (Jackson, 1979) . Estimation of palygorskite was based on the relative peak intensities at 1.05 nm and visual estimation of palygorskite under the TEM. The estimation of other clay minerals, which in most cases constitute <25% of the assemblage, was based on their relative XRD peak intensities.
RESULTS AND DISCUSSIONS
Mineralogy of the sedimentary rocks
Selected characteristics of the sedimentary rocks studied are listed in Table 1 . Whereas Jurassic shale has only 0.4% carbonates (expressed as CaCO3), the other rock samples are moderately to extremely calcareous. The XRD patterns of powdered samples from Cretaceous limestone and Oligo-Miocene limestone show that these limestones are calcitic with traces of dolomite (data not shown). In contrast, the carbonates in Cretaceous sandstone and conglomerate are dominated by dolomite with a minor amount of calcite.
The Cretaceous limestone and Jurassic shale are the most extensively exposed parent rocks in tile area (Zahedi, 1976) . The clay fraction of the Cretaceous limestone consists mainly of mica (Table 2, Fig. 4) , with minor amounts of chlorite, kaolinite and quartz. Mica also dominates the clay fraction of the Cretaceous sandstone and conglomerate. Palygorskite was not detected by XRD in these sediments. However, a trace amount of fibrous clay minerals was identified by both SEM (Fig. 5e ) and TEM (Fig. 5t) . The presence of mica, kaolinite and chlorite in the clay fraction of Jurassic and Lower Cretaceous sediments also has been reported from Saudi Arabia (Shadfan & Mashhady, 1985) , Jordan (Shadfan & Dixon, 1984) and Egypt (Shadfan et al., 1985a) . These minerals are considered to be of detrital origin. The XRD patterns show the presence of both palygorskite and sepiolite and appreciable amounts of mica and smectite in the clay fraction of the Oligo-Miocene limestone (Fig. 4) . Electron micrographs of the OM further reveal the predominance of palygorskite and sepiolite in this geological formation, excluding the carbonates (Figs. 5a,b,c) .
The textural relations of palygorskite in the OM limestone, as viewed with a SEM, suggest that this mineral was formed authigenically (Figs. 5a,b) . Palygorskite and sepiolite enmesh calcite crystals and sprout from their surfaces, consistent with the observations by Singer (1981) , Ingles & Anadon (1991) , Verrecchia & Le Coustumer (1996) , Aqrawi (1993) , and Pletsch et al. (1996) , A trace amount of palygorskite in the Cretaceous limestone does not have the same morphology ( Fig. 5e ) and, in this case, is probably detrital.
The association of smectite with palygorskite in the OM limestone is consistent with the findings of others (Gindy et al., 1985; Shadfan et al., 1985a,b,c; Shadfan & Mashhady, 1985; Ingles & Anadon, 1991; Pletsch et al., 1996) . Since smectites are usually more aluminous than palygorskite, the neoformation of smectites is preferred when appreciable amounts of A1 are present (Singer, 1989) . Sepiolite forms when the A1 decreases and appreciable amounts of Mg are available. That smectite, which in this assemblage might be detrital, may have partly converted to palygorskite in these sediments, has been suggested by Badraoui et al. (1992) . If it is not detrital, the authigenic formation of smectite, sepiolite and palygorskite might indicate gradual progressive chemical changes in the sedimentary environment in which the assemblage evolved.
Clay mineralogy of soils
Selected properties of representative pedons from three landforms are given in Table 3 . Colluvial soils with an argillic horizon, classified as 'Calcic Argigypsids' (Soil Survey Staff, 1994) , seem to bear a relict feature of the past, slightly more humid climate (Khademi, 1997) . In contrast, alluvial soils (Gypsic Haplosalids) with a minimum soil develop- pH in water saturated paste 2 Electrical conductivity of saturated extracts 3 Organic carbon ment are the youngest soils in the area. Formation of salic and gypsic horizons in the upper part of these soils is the result of ascending movement and evaporation of somewhat saline shallow groundwater. The plateau soils (Typic Haplogypsids) are the most gypsiferous soils in the region. Due to the aridity, soil development is quite slow in the arid environment of central Iran. Alluvial, colluvial and aeolian processes are the main sources for the deposition of soil parent materials in the basin studied. Therefore, the mineralogy of the source rocks greatly affects the soils in the area.
Semi-quantitative estimates of the content of different clay minerals for both fine and coarse clay fi-actions (where available) are given in Table 4 . Palygorskite dominates the clay fractions of subsurface soils in the colluvial fan, surface soils in the alluvial plain and the whole soil in the plateau. This mineral seems to increase with depth (from the A horizon to B horizons) in the colluvial fan soils and shows no changes with depth in the plateau soils, whereas in the alluvial plain soils palygorskite decreases with depth. Fine clay fractions in the lowermost B horizons have more palygorskite than the corresponding coarse clay fractions which supports the findings of other researchers (Shadfan & Dixon, 1984; Shadfan et al., 1985c) .
Mica, chlorite, quartz and kaolinite are ubiquitous throughout the soils from all the landforms studied. Their widespread occurrence is due to their abundance in the local sedimentary rocks and their relatively high stability under the arid environment prevailing in the region. Expandable minerals (vermiculite and smectite) are present in soils of both the alluvial plain and plateau, but not in the colluvial soils. The relative quantities and the abbreviations are the same as those in Table 2 . Vm = vermiculite.
The abundant fibrous clay minerals observed by TEM (Fig. 6 ) were identified as palygorskite by XRD. Based on XRD data, sepiolite was not found in the soils studied. Not only the amount of palygorskite but also its morphology are different in the surface horizons of the colluvial and alluvial soils from those occurring in the subsoils. In both the subsoil of colluvial fan (Fig. 6b) and the entire soil profile in the plateau (Figs. 6c,d) , palygorskite bundles are well-formed and long. However, in the clay fraction of surface colluvial soils (Fig. 6a ) and both surface (Fig. 6e) and subsurface alluvial soil (Fig. 6f) the bundles are shorter. Palygorskite occurring as short and broken fibres suggests a detrital origin (Chamley, 1989) , because of the physical breakdown of the palygorskite fibres during the transport of alluvial materials.
The Zayandehrud River watershed occupies a vast area on the western side of the study area, within which a variety of soils and sediments occur, some of which contain appreciable amounts of palygorskite. This conclusion is based on mineralogical analysis of a single fresh sediment sample taken after a torrential rainfall that contained a considerable amount of palygorskite (data not shown).
Despite the fact that all the soils studied are calcareous, pedogenic carbonates occur only in the subsurface soils of the colluvial fan where pedogenic calcite spars are coated with palygorskite fibres (Fig. 7a) , whereas platy interlocked gypsum crystals are uncoated (Fig. 7b) . In plateau areas, soil particles, in which palygorskite fibres are the most common (Table 4) , fill the pore spaces (Fig. 7c) . While palygorskite-coated gypsum particles have been reported (Eswaran & Barzanji, 1974) , palygorskite fibres seem to be better preserved when surrounded by calcite (Verrecchia & Le Coustumer, 1996) . This is mainly due to the much greater stability of CaCO3 as compared to gypsum.
The fine clay traction from the colluvial soil does not show any expansion with different alkylammonium treatments (Fig. 8a) . Because alkylammonium treatments can expand soil illites to give low-angle XRD peaks (Laird et al., 1987) , this suggests that mica interlayers in the soils from the colluvial fan are entirely occupied by K, not permitting the entrance of alkylammonium molecules. The lowangle peaks that appeared in alkylammoniumtreated samples of soils from the plateau and alluvial plain (Figs. 8b,c) were probably due to the expansion of silicate clay minerals other than mica that are present in these soils. This approach also clearly indicates that expandable clays in these soils are composed of two different phases, a lowcharged phase (smectite) which is characterized by series of peaks between 1.70 and 2.22 nm (Cn 12-18) and a high-charged component (vermiculite), as deduced from the series of peaks between 2.16 and 3.07 nm (Cn 12-18) .
As expected, the CEC and the specific surface area (SSA) of coarse clays (where available) are consistently less than those of fine clay fractions ( Table 5 ). The CECs of relatively pure palygorskite samples range from 5 to 30 cmole(+)kg -1, while their SSA values are 140-190m2g 1 (Singer, 1989) . Relatively small CEC and large SSA values of both fine mad coarse clay fractions of the subsoil of the colluvial fan are further indicators of large amounts of palygorskite and the absence of smectite and vermiculite, as discussed earlier. An increase in CEC of the clay fractions with depth in alluvial soils is in agreement with the previously discussed increases in high-charge clay content of these soils (Table 4) .
The total chemical analyses of the clay fractions of selected soils and sediments are given in Table 6 . The chemical data also support the mineralogical estimates presented in Tables 2 and 4 .
It is commonly accepted that vermiculite can be formed only by alteration of mica (Douglas, 1989) , a mineral which is abundant in the soil and parent materials studied. Whereas part of the smectite in the soils may come from the Oligo-Miocene limestone, there is some evidence suggesting that this mineral may have been formed through mineral transformation from mica. The increased proportion of smectite, compared with palygorskite, with depth in the alluvial soils (Table 4) suggests the possibility of authigenic smectite tbrmation from palygorskite as reported by others (Golden et al., 1985; Badraoui et al., 1992) . Palygorskite may transform to smectite by: (1) the breakdown of Si-O-Si bonds between 2:1 layer silicate units followed by reorganization to form a smectite-type structure; or (2) complete dissolution and reprecipitation. Under the alkaline conditions of the soils studied, the breakdown of Si-O-Si bonds is favoured and the transformation of palygorskite to smectite promoted (Golden et al., 1985) . silicate clay minerals, in the Oligo-Miocene limestone is in agreement with their general occurrence in sediments younger than Lower Cretaceous age (Bigham et al., 1980; Gal~m & Ferrero, 1982; Callen, 1984; Gindy et al., 1985; Shadfan & Mashhady, 1985; Shadfan et al., 1985a,c; Ingles & Anadon, 1991) . This indicates that the sedimentary environment of the study region, during the Tertiary, was suitable for the formation of palygorskite and sepiolite. An environment rich in Si and Mg with high pH but impoverished in A1 and Fe is favourable for the formation of palygorskite and sepiolite (Shadfan et aL, 1985a; Singer, 1989) . The presence of large amounts of Al constrains the formation of fibrous silicate clays and favours the formation of smectites. Shallow water and high temperature increase the pH (due to photosynthesis) and consequently enhance Si solubility. These conditions seem to have been provided in the area during the Tertiary, whereas the presence of only a trace amount of detrital palygorskite in the Lower Cretaceous deep sea sediments shows that the above-mentioned conditions were not present at that time.
Source of palygorskite in the study area
According to Zahedi (1976) , the area underwent a relatively moderate orogenic phase (attenuated Laramian phase) near the end of the Cretaceous and the beginning of Eocene, characterized by folding, emergence and erosion. The Laramian movements were succeeded by a shallow marine transgression. Volcanic activity in the northeastern part of the area indicates the unstable conditions during this time. A later regression of the sea eastward resulted in the formation of intermontane lakes in the middle Tertiary, which may have produced an environment conducive to the formation of palygorskite and sepiolite. Through volcanic activity during the Tertiary, thermal waters charged with dissolved Si may have provided enough Si for the formation of palygorskite and sepiolite. The associated dolomitic sediments in the study area, as reported by Ghazban et al. (1994) , probably provided enough Mg for this process.
Source o f palygorskite in the soils. Palygorskite in arid soils has been stated to have two main origins: (1) inheritance from parent materials; and (2) pedogenic formation. Inherited palygorskite is either passed on from the parent rock to the soil or added to the soil by palygorskite-rich aeolian dusts or alluvial materials (detrital origin). Pedogenic palygorskite can be the result of either in situ Based on the morphology of the palygorskite fibres in different horizons of the alluvial soils and the presence of this mineral in fresh sediments of the Zayandehrud River, it is suggested that palygorskite is detrital in these soils. However, well-preserved long palygorskite bundles in the plateau soils (Figs. 6e,d ) and in the subsurface colluvial fan soils (Fig. 6b) do not appear to be of detrital origin. It is therefore suggested that the great majority of this mineral was formed authigenically when lagoonal conditions prevailed in the basin, as confirmed by the stable isotope composition of gypsum hydration water .
The study area is a closed basin and part of the post-Tethyan Sea environment which is rich in evaporites. It was covered by shallow lagoons in the late Tertiary. The Gavkhouni swamp, located 50 km east of the area studied, is considered to be the remnant of such lagoons. When the area now covered by plateau soils was under lagoonal conditions, the modem colluvial fans were on the peripheries of that lagoon .
It is known that the formation of gypsum would raise the Mg/Ca ratio of the host water which could, in turn, encourage palygorskite formation (Hassouba & Shaw, 1980) . These conditions suggest that the major portion, if not all, of palygorskite was formed within the shallow lagoons (post-Tethyan Sea environment). Following initial precipitation, gypsum may have been re-dissolved and precipitated when the lagoon disappeared and soil conditions prevailed in the basin. It was shown experimentally that gypsum formation, at the expense of carbonate dissolution, would increase pH (Mermut, unpublished data) via the following reactions: SO]-+ CaCO3 + 2H20 --+ CaSO4.2H20 + CO~ CO 2-+ H20 ~ HCO 3-+ OHAn increase in pH and in the Mg/Ca ratio promotes the formation of palygorskite (Hassouba & Shaw, 1980; Singer, 1989) . These conditions no longer exist today, but occurred when the area was gradually becoming drier resulting in the accumulation of evaporite gypsum in the post-Tethys Sea lagoons. Stable isotope studies suggest that gypsum was formed under an environment that was moister than today's, probably before the Quaternary ). Today's low precipitation is not enough to convert palygorskite to smectite, except in the alluvial plain which receives enough moisture through groundwater recharge. The genesis of palygorskite in the gypsiferous horizons of the colluvial fans remains to be clarified. These horizons are also the zone of illuvial clay and Singer & Norrish (1974) reported the presence of palygorskite coatings in similar Australian soils. Lower levels of palygorskite in the surface soil and its greater abundance in the subsoil in the colluvial fans suggest that part of the palygorskite was formed in the soil during the accumulation of gypsum and secondary carbonate at the very edge of the lagoon. Gypsum in this landscape probably moved down with time. Association of palygorskite with gypsum has been widely reported in the literature (Eswaran & Barzanji, 1974; Yaalon & Wieder, 1976; Hassouba & Shaw, 1980; Shadfan & Dixon, 1984; Aqrawi, 1993; Verrecchia & Le Coustumer, 1996) . tl. Khademi and A. R. Mermut the Tethys Ocean does not appear to have been suitable for the formation of palygorskite and sepiolite. Orogenic activity, as a result of which the Tethys Sea was cut off during the late Cretaceous, gave rise to the development of shallow saline lakes during the Tertiary which were chemically favourable for the formation of fibrous silicate clays.
Toward the end of the Tertiary, lagoonal conditions probably prevailed in the basin studied, covering the entire plateau and the peripheral colluvial fans. These conditions promoted the formation of gypsum and resulted in an increase in the Mg/Ca ratio which, under an evaporative environment, brought about the authigenic formation of a large amount of palygorskite. It is concluded that the palygorskite in plateaux is of geogenic origin. However, part of this mineral was probably formed in soils in the colluvial fans. Palygorskite in the young alluvial soils appears to be entirely detrital can-led by the river following soil erosion. Today's arid environment with a low Mg/Ca ratio does not favour the palygorskite formation and low precipitation limits its conversion to smectite.
In addition to pedological implications, the results of this study are important for helping understand the post-Tethys Sea environment.
